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Accumulating evidences indicate the involvement of epigenetic deregulations in cancer. While some epigenetic
regulators with aberrant functions in cancer are targeted for improving therapeutic outcome in patients,
reinstating the functions of tumor-suppressor-like epigenetic regulators might further potentiate anti-cancer
therapies. Epigenetic reader zinc-ﬁnger MYND-type-containing 8 (ZMYND8) has been found to be endowed
with multiple anti-cancer functions like inhibition of tumor cell migration and proliferation. Here, we report
another novel tumor suppressor role of ZMYND8 as an inducer of differentiation in breast cancer cells, by
upregulating differentiation genes. Interestingly, we also demonstrated that ZMYND8 mediates all its antitumor roles through a common dual-histone mark binding to H4K16Ac and H3K36Me2. We validated these
ﬁndings by both biochemical and biophysical analyses. Furthermore, we also conﬁrmed the differentiationinducing potential of ZMYND8 in vivo, using 4T1 murine breast cancer model in Balb/c mice. Differentiation
therapy holds great promise in cancer therapy, since it is non-toxic and makes the cancer cells therapysensitive. In this scenario, we propose epigenetic reader ZMYND8 as a potential therapeutic candidate for
differentiation therapy in breast cancer.
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1. Introduction
Currently available anti-cancer therapies are limited by
several shortcomings such as therapy-resistance, differential effect on tumor cell killing owing to hetero-
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geneity of solid tumors and tumor relapse (DagogoJack and Shaw 2018). Therefore, several alternative
approaches have also been suggested to aid cancer
therapy, such as inhibition of growth signals (Witsch
et al. 2010) or inhibition of angiogenesis (El-Kenawi
and El-Remessy 2013). Another such alternate therapy
includes differentiation therapy of cancer, whereby
poorly differentiated cancer cells are induced to
undergo differentiation (Yan and Liu 2016) such that
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they become more palatable to currently existing anticancer therapies. Although such therapy has been
reported to be very efﬁcient in acute promyelocytic
leukemia (APL), similar efﬁciency has not yet been
observed in the case of solid cancers (Xu et al. 2014).
In recent times, cancer has been accepted to be both a
genetic and epigenetic disease (Baxter et al. 2014)
rather than the previous notion of cancer being caused
solely by genetic alterations. One of the earliest epigenetic alterations in cancer is global DNA hypermethylation, causing repression of tumor suppressor
genes (Ehrlich 2009). Nonetheless, several novel therapies have been developed to target such epigenetic
deregulations in cancer, like DNA methyltransferase
inhibitor (DNMTi) (Subramaniam et al. 2014). Apart
from such broad-spectrum epigenetic reprogrammers,
targeted therapies have also been developed that
speciﬁcally correct aberrant epigenetic regulators such
as inhibitors of enhancer of zeste homologue 2 (EZH2),
to compensate for its gain of function mutation in
cancer (Gan et al. 2018). It is noteworthy that most of
the currently available targeted epigenetic therapies are
directed against histone writers or erasers. However,
identiﬁcation of suitable histone reader for epigenetic
therapy in cancer is still in its nascent stage.
Recently, zinc-ﬁnger MYND-type-containing 8
(ZMYND8), or RACK-7, has been identiﬁed as an epigenetic regulator with tumor suppressor function. It was
originally identiﬁed as a protein kinase C binding protein
(Fossey et al. 2000), but later on, it was reported to be a
transcriptional regulator (Malovannaya et al. 2011).
Initially ZMYND8 was reported to interact with nucleosome remodeling and deacetylase (NuRD) complex
and aid DNA double-strand break repair (Gong et al.
2015). ZMYND8 is essentially an epigenetic reader
which recognizes H3K4Me1/H3K14Ac (Li et al. 2016)
and H3.1K36Me2/H4K16Ac (Adhikary et al. 2016).
Our earlier study reported that ZMYND8 regulates the
expression of all-trans-retinoic acid (ATRA)-responsive
genes through its reader function, speciﬁcally recognizing H3.1K36Me2/H4K16Ac (Basu et al. 2017a).
In several recent reports tumor-speciﬁc functions of
ZMYND8 have been delineated (Basu et al. 2017a, b;
Chen et al. 2018; Gong and Miller 2018; Li et al. 2016;
Shen et al. 2016). Most of these studies indicate a
tumor-suppressor role of ZMYND8. While it represses
the expression of metastasis, invasion and proliferation-promoting genes on one hand, it promotes the
transcription of epithelial genes, thereby suppressing
tumor cell migration (Basu et al. 2017a, b; Li et al.
2016). Here, we demonstrate that in addition to negative regulation of migration and proliferation of tumor

cells, ZMYND8 also functions as a tumor suppressor in
breast cancer by inducing differentiation by virtue of its
H3.1K36Me2/H4K16Ac reader function. Using biophysical and biochemical assays we validate the reader
function of ZMYND8 on its target genes. However,
using the same reader marks, ZMYND8 functions in a
dual manner, activating transcription of anti-tumor
genes such as differentiation markers and epithelial
genes, and repressing those of tumor-promoting genes
such as proliferation and mesenchymal markers. Taken
together, our study identiﬁes a novel role of ‘dual-mode
anti-tumor functioning’ of the epigenetic regulator
ZMYND8 through its reader function, and projects
ZMYND8 to be a potential epigenetic therapeutic
molecule that could be used for the development of
differentiation therapy in breast cancer.
2. Materials and methods
2.1 Cell culture
Human breast cancer cell line, MDA-MB-231 was
obtained from National Centre for Cell Science (NCCS,
Pune) India. Murine invasive breast cancer cell line, 4T1
cells were procured from the American Type Culture
Collection (ATCC, USA). Cells were maintained in
RPMI 1640 (Gibco, Invitrogen, Pittsburgh, PA, U.S.A.)
supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA) and 1% Pen-Strep (Gibco, Carlsbad, CA),
and maintained at 37 °C in 5% CO2.
2.2 ZMYND8 transient overexpression and knock
down in breast cancer cells
For transient overexpression and knock down of
ZMYND8, 105 MDA-MB-231 cells were seeded in
6-well dish. 1.6 lg of FLAG- ZMYND8 plasmid (cloned
in pCMV-FLAG vector) and 1.6 lg of ZMYND8 gene
was cloned in PLKO.1 vector (as per ADDGENE protocol) was used to transfect the cells using FUGENE HD
reagent as per manufacturer’s protocol.
2.3 Animal experiments
For animal experiments, 6- to 8-week-old female Balb/c
mice were used. The animals were maintained in ventilated cages in the central animal house facility of CSIRIndian Institute of Chemical Biology (IICB). At the time
of sacriﬁce, animals were anaesthetized by intra-
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peritoneal injection of Avertin solution (400 ll per
18–20 g of animal weight). For tumor inoculation,
subcutaneous injection of 1 9 105 4T1 cells in 0.2 ml
PBS was done into the ﬂank region of mice. After
7–10 days, mice were sacriﬁced; tumors were collected
and measured by slide calipers. For calculation of tumor
volumes the formula, p/6 ((d1 9 d2)3/2), where d1 and
d2 represents two perpendicular diameters, was used
(Mukherjee et al. 2016). Single cell preparation from
excised tumors for RNA isolation was performed as
described earlier (Mukherjee et al. 2016). All animals
were maintained and treated following the guidelines of
the Institutional Animal Ethics Committee (approved by
CPCSEA, Government of India) of IICB. For each group
of experiments, 5 mice were used.
2.4 ZMYND8 overexpression via lentiviral
production
For the generation of stable ZMYND8 over-expressing
4T1 cell line, full-length ZMYND8 was cloned into
pCDH-CMV MCS-EF1-copGFP (CD511B-1) vector
containing EcoRI and BamHI restriction sites.
HEK293T cells were transfected with ZMYND8overexpression vectors, for generation of lentiviral
particles, along with packaging vector (psPAX2) and
envelope vector (pMD2.G) using lipofectamine2000
(Invitrogen) following manufacturer’s protocol. The
viral supernatant was harvested at 48 and 72hrs posttransfection. Subsequently, 4T1 cells were infected
with the viral supernatant three times in 48 h, after
adding 10 lg/ml polybrene. Stably transduced cells
were selected using Puromycin (2 lg/ml) (Sigma, St.
Louis, MO) for 3 days.
2.5 Quantitative real time PCR (qRT-PCR)
Total RNA isolation from cells was performed using
TRIzol (Invitrogen, Carlsbad, CA) and complementary
DNA synthesis was done using Revertaid Fast strand
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cDNA synthesis kit (Thermo Scientiﬁc,Carlsbad, CA)
according to manufacturer’s protocol. qRT-PCR was
done using ABI-SYBR GREEN mix (Applied
Biosystems, Carlsbad, CA). qRT-PCR was performed
using StepONE Plus Fast Real-time PCR machine.
Primers used are enlisted in table 1.
2.6 Chromatin immunoprecipitation (ChIP)
ChIP experiments were performed as described earlier
(Adhikary et al. 2016). After crosslinking of cells with
1% formaldehyde, reaction was stopped using 0.125 M
Glycine. Thereafter, cells were lysed, nuclei were isolated and re-suspended in nuclear lysis buffer. This was
followed by sonication and pre-clearing followed by
immunoprecipitation using anti-ZMYND8 (Sigma
Prestige Group), anti-H4K16Ac (Active Motif), antiH3K36Me2 (Abcam), anti-H4 (Abcam) and anti-H3
(Abcam) antibodies overnight at 4 °C. Dyna beads (Invitrogen) were used for chromatin immunoprecipitation,
after blocking with 0.3 mg/ml Salmon sperm DNA.
After washing, the beads were treated with RNase A and
Proteinase K at 37 °C, followed by de-crosslinking at
65 °C. DNA was extracted using Phenol-chloroform
method followed by ethanol precipitation. The DNA
pellet was dissolved in nuclease free water and qPCR
was performed using speciﬁc primers as listed in table 2.
2.7 Re-analyses of microarray data
Differentially expressed gene sets were obtained from
previously reported data where MCF7 cells were treated with either non-targeting or ZMYND8 siRNA for
24 h (Basu et al. 2017a). Differentially expressed
genes (DEG) having statistically signiﬁcant p-value
(FDR adjusted) of less than 0.05, and having fold
change greater than or equal to 1.5 were selected for reanalysis. For pathway analysis, PANTHER (Thomas
et al. 2003) tool was used, and for GO analysis,
DAVID (Huang et al. 2009) tool was used.

Table 1. List of primers used in qRT-PCR
Gene Name

Forward 50 -30

Reverse 50 -30

hZMYND8
hGAPDH
CK18
CK19
CK5
EPCAM

CTCCATTTAGGACACCCTACAC
GTGTGAACCATGAGAAGTATGA
GCTGGAGGATGGAGAAGATTT
GTATGAGATCATGGCCGAGAAG
CAACAAGTTTGCCTCCTTCATC
GGTGGTGTCATTAGCAGTCA

GATAGACAAGCAGGAGAAGGTC
CTTTGGTATCGTGGAAGGACTC
ACTACCCGTAAGATCGTGGA
AGATAAGCAAGACCGAAGTCAC
ATAAAGCAGAACCTGGATCCG
GATAAAGGAGATGGGTGAGATCC
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Table 2. List of primers used in ChIP assay
Forward 50 -30

Reverse 50 -30

GAAGTCTCCTTTTCTCCACCTG
GAAACGGGCATAATAGGGAGG
CTCACCTTCCAAACAAGCAG
GATGAGGTCCTTGAGTGCC
CTCACTCGCCCCAAAGATG
AGCTTGCCATCTTGGAGTC

AGACCCAACCCTATGACTTTAAC
AAGCTGCGAAGTGAGGC
CCCCTACGGATTATACTCAACTTAC
CGAAACCAGCTAGACTTTCCTC
GTCATACCACAACCAGAGATCC
AGCAAGATTCAGACCCTCAAG

Gene Name
MUC1
EPCAM
MKI67
PCNA
SNAI2
TWIST1

2.8 SPR kinetic titration setup
The Surface Plasmon Resonance experiments were
performed using Biacore X100 (GE Healthcare)
equipped with research grade CM5 chip. The ligand,
GST-ZMYND8 tri-domain (PHD-BROMO-PWWP)
GST tagged (54.15 KDa, [90% pure, based on SDS
PAGE) was captured using anti GST antibody, which
was immobilized on the chip using amine coupling
chemistry in ﬂow cell 2. Flow cell 1 was used as reference (immobilization gave[6000 RU response). The
ligand was captured to a ﬁnal response of 387 RU
(capture level RU progressively decreased from
beginning to end of experiment, starting with 387 RU
up to 343 RU at the end). For kinetic studies, analyte
H4K16Ac (3.2KDa, [90% pure) and H3.1K36Me2
(2.9 kDa, [90% pure) were injected over two ﬂow
cells respectively at a ﬂow rate of 30ll/min, at concentration Of 100, 250, 500 1000 and 5000 nM, each
for two different experiments. Experiments were performed at temperature 25 °C and a Ligand concentration1 lM. RU of ligand capture varied: 416 RU for
kinetics with H4K16Ac, and ﬁnal capture of 343 RU
H3.1K36Me2. Running buffer composed of 20 mM
Tris, 150 mM NaCl. Freshly prepared and ﬁltered (with
0.22 lm cut-off syringe ﬁlters by Millipore, Billerica,
MA, USA) running buffer was used for each experiment and the buffer was degassed prior to SPR analysis. Single Cycle Kinetics setup was used for kinetic
analysis of the binding whereby increasing concentrations of the analyte are sequentially injected over a
ligand captured sensor chip surface, and hence does not
involve regeneration steps between each injection.
2.9 SPR data processing
All SPR data processing and analyses were performed
using BiaEvaluation Software (version 1.0 (Biacore
X100) and Origin (version 8.04). The sensograms were
corrected for DMSO solvent signals and furthermore,
signals monitored on the binding active channel were

subtracted by both signals from reference channel (i.e.
the sensor surface having no ligand capture) and by
buffer signals. For evaluation of the kinetics experiment, the normalized sensograms were globally ﬁt to a
one-to-one interaction mathematical model. For 3
independent replicates of each experiment, the sensograms at equilibrium were plotted against analyte
concentration and ﬁt to the above model. To analyze
the kinetic parameters, the Langmuir 1:1 binding model
is used for evaluation of SPR data involving proteinprotein interaction. The model assumes a reversible
bimolecular reaction between the analyte and the
ligand and it is modiﬁed in a way to take into account
the mass transport effect by assuming an unchanged
mass transfer rate constant when the analyte is injected
towards the sensor chip surface or when it moves back
to the bulk solution.
2.10 Statistical analyses
All data have been expressed as mean ± SEM which
are represented as error bars. The statistical signiﬁcance
was calculated by unpaired Student’s t-test. P-value
\0.05 was considered as signiﬁcant. The experiments
were performed in triplicate unless otherwise stated.
3. Results
3.1 ZMYND8 targets several types of tumorpromoting genes
In an attempt to understand the anti-tumor role of
ZMYND8, we re-analyzed our previously used
microarray data performed in human breast cancer cell
line, MCF-7 (Basu et al. 2017a).We found that apart
from EMT and cell proliferation genes, ZMYND8 also
negatively regulates several other tumor-promoting
genes like pro-survival/anti-apoptotic genes, pluripotency/stemness related and drug-resistance regulating
genes at a fold change of C1.5 and p-value of B0.05
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Figure 1. Re-analysis of microarray data indicates the role of ZMYND8 in regulating differentiation, migration and
proliferation in breast cancer. Microarray data of MCF-7 cells transfected with scrambled and ZMYND8-siRNA was reanalyzed and represented as a biological network depicting differential regulation of genes in survival/anti-apoptosis/drugresistance/stemness or anti-differentiation pathways by ZMYND8. Downregulated genes are marked in green and
upregulated genes are marked in red. All differentially regulated genes were selected based on their fold change p \ 0.05 (A).
Distribution of selected pathways having highest enrichment of differentially expressed genes on ZMYND8 knockdown in
MCF-7 cells. Expressed genes pertaining to differentiation, migration and proliferation processes as obtained from
PANTHER classiﬁcation tool (B). Table showing list of enriched GO terms pertaining to the above three processes as
obtained from DAVID analysis tool. Differentially expressed genes from ZMYND8 knockdown in MCF-7 cells, having
p B 0.05 and fold change C 1.5 were used for analysis (C).

(ﬁgure 1A). While pro-survival/anti-apoptotic genes
promote tumor cell survival and resist cell death,
pluripotency/stemness-related genes, in general, prevent tumor cell differentiation and maintains cancer
cell in undifferentiated state. Again, drug resistance
genes help resist cell death, thereby leading to failure of
chemotherapies. These results reveal the tumor suppressor-like role of ZMYND8 in targeting genes which
span across several tumor phenotypes and functions.
Pathway analysis and gene ontology (GO) analyses of
our microarray data re-afﬁrmed our hypothesis, that
ZMYND8 regulates various tumor regulatory genes

(ﬁgure 1B, C). In addition, ZMYND8 negatively regulates stemness-related genes also indicates that
ZMYND8 might promote tumor cell differentiation.
3.2 In vitro validation of ZMYND8 recruitment
on target-tumor-promoting and differentiationpromoting genes through its dual-reader function
In order to validate our microarray data, we performed
ChIP assay in MDA-MB-231 cells to validate the
recruitment of ZMYND8 on its target genes in vitro.
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Our results revealed that ZMYND8 is directly recruited
to its target genes, namely MUC1, and EPCAM (differentiation markers), KI67 and PCNA (proliferation
markers), and SNAI2 and TWIST (epithelial-mesenchymal transition or EMT markers) (ﬁgure 2A, B,
left panels).
In our earlier report, we demonstrated that ZMYND8
reads the dual-histone mark H3.1K36Me2/H4K16Ac
(Adhikary et al. 2016). Therefore, we next investigated
whether ZMYND8 exerts its tumor suppressor role by
using its dual-binder function for recruitment to its
target genes. Our ChIP assay results revealed that
ZMYND8 gets recruited to its target genes regulating
differentiation, proliferation and EMT. While
ZMYND8 gets recruited to metastasis-linked genes
SNAI2 and TWIST1, and proliferation regulated gene
PCNA through H4K16Ac binding (ﬁgure 2A, right
panel), it binds to proliferation-regulating gene MKI67,
and differentiation regulating genes MUC1 and
EPCAM through its binding to H3K36Me2 histone
mark (ﬁgure 2B, right panel).

3.3 Validation of the dual-histones, H4K16Ac
and H3.1K36Me2 binding function of ZMYND8
We employed biophysical technique, Surface Plasmon
Resonance, to corroborate our in vitro ﬁndings. Association, dissociation kinetics and the binding afﬁnities
characterizing the reversible binding of ZMYND8 tridomain (PHD-BROMO-PWWP) for H4K16Ac and
H3.1K36Me2, respectively, were obtained through
kinetic titration experiments performed by Surface
Plasmon Resonance. The ligand (ZMYND8 tri-domain) showed very strong afﬁnity (in lM range) for
both peptides in vitro. However, it is worth noting that
forward and reverse reaction rates, kon and koff differ
for both the analytes (H4K16Ac and H3K36Me2)
indicating that the binding mechanism may be separate
for each histone modiﬁcation. In the case of H4K16Ac,
a lower value of kon compared to H3.1K36Me2 results
from a slower association phase, whereas a lower koff
rate for H4K16Ac possibly indicates a tighter complex
leading to a slow rate of dissociation. Comparing the
above results, it can be hypothesized that in the
nucleus, where both modiﬁcations exist in same histone octamer, the initial binding and recognition of the
ZMYND8 to chromatin probably occurs through
H3.1K36Me2 (due to higher association rate), and the
stability of the ZMYND8-nucleosome complex relies
more on the binding to H4K16Ac (due to lower dissociation rate). Thus, the dual recognition of two

different histone modiﬁcation by ZMYND8 represents
a unique strategy, where two separate conserved
domains: PWWP and Bromo act with different afﬁnities towards their cognate histone binding partners
(H3.1K36Me2 and H4K16Ac respectively), while
concurrently contributing to the ultimate stability of the
ZMYND8-nucleosome complex (ﬁgure 2C–E).
3.4 ZMYND8 is a regulator of terminal
differentiation in vitro
Our study has indicated that ZMYND8 regulates its
genes involved in differentiation, proliferation and
EMT through its dual-histone binding ability. Thus,
we intended to study the role of ZMYND8 in terminal differentiation of breast cancer cells. We used
MDA-MB-231 cells to investigate the expression of
EPCAM and KRT18 by differentially regulating the
ZMYND8 gene expression. Our qRT-PCR result
indicated that knocking down ZMYND8 (ﬁgure 3A)
using speciﬁc shRNA led to signiﬁcant reductions
(80% and 86%) of EPCAM (ﬁgure 3B) and CK18
(ﬁgure 3C) expression, respectively. We subsequently
overexpressed ZMYND8 (ﬁgure 3D) in MDA-MB231 cells and observed 1.5-fold increment in both
EPCAM (ﬁgure 3E) and CK18 levels (ﬁgure 3F),
respectively. Our results clearly indicate that
ZMYND8 is a critical regulator of terminal differentiation in breast cancer.

3.5 ZMYND8 promotes terminal differentiation
in vivo
Until now, our results validated that ZMYND8 exerts
its tumor suppressor role in breast cancer through its
dual-histone reader function. Therefore, in our next
attempt we validated our ﬁndings in in vivo 4T1 breast
cancer model. Our results showed that stable over-expression of ZMYND8 signiﬁcantly abrogated the
tumorigenic potential of 4T1 cells (ﬁgure 4A–C).
Furthermore, upon ex vivo analyses of the tumors by
qRT-PCR, it was found that in keeping with our in vitro
analyses, expression of differentiation-promoting genes
(Cytokeratins 5, 18 and 19, EpCam) was also promoted
by ZMYND8 in vivo (ﬁgure 4D). Cumulatively, all
these in vivo analysis ﬁrmly established our hypothesis
that epigenetic reader ZMYND8 is a potent suppressor
of tumor-promoting genes, and positively regulates the
expression of differentiation-promoting genes in breast
cancer.

Dual-reader ZMYND8 induces differentiation in breast cancer
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2. Dual-reader function of ZMYND8 regulates its
target gene expression. ChIP-qRT-PCR assays were performed in MDA-MB-231 cells. The enrichment of
H4K16Ac was normalized to the total Histone H4 and the
relative fold change over IgG was plotted. The genes having
signiﬁcant enrichment of H4K16Ac (right panel) showed
high occupancy of ZMYND8 (left panel) (A). The enrichment of H3K36Me2 was normalized to total Histone H3 and
the relative fold change over IgG was plotted. Signiﬁcant
enrichment of H3K36Me2 (right panel) showed high
occupancy of ZMYND8 (left panel) (B). The ChIP-qPCR
values are represented as standard error of biological
triplicates and unpaired Student’s t-test, p-value (*p\0.05,
**p\0.01) was used to test the signiﬁcance. The sensogram
(black curve) of the Single-Cycle Kinetics was performed by
injecting ﬁve increasing concentrations (100, 250, 500 1000
and 5000 nM) of H4K16Ac (C) and H3K36Me2 (D) peptides over the GST-ZMYND8 (PHD-Bromo-PWWP) protein
substrate. Red curve is the best ﬁt of the sensogram with the
1:1 binding model (BiaEvaluation software). Black curve is
the ﬁt of the experimental data with the Langmuir isotherm
(C, D). The forward (kon) and reverse (koff) reaction rates
and the binding afﬁnity (KD) of the ligand, GST-ZMYND8
(PHD-Bromo-PWWP) protein with the analytes, H4K16Ac
and H3K36Me2 peptides have been summarized in the
table (E). Although a strong binding afﬁnity (KD) of GSTZMYND8 (PHD-Bromo-PWWP) protein with H4K16Ac
(7.548 ±1.88 lM) or H3K36Me2 (3.186 ± 0.25 lM)
peptides could be observed, the individual forward (kon)
and reverse (koff) reaction rates were different for H4K16Ac
and H3K36Me2 peptides, indicating a distinct binding
mechanism for each (E).

b Figure

Collectively, our results show ZMYND8, an epigenetic reader of the histone marks H4K16Ac and
H3K36Me2, is a tumor suppressor in breast cancer. In
addition to negative regulation of EMT and proliferation-promoting genes, here we show a novel anti-tumor
role of ZMYND8 in promoting terminal differentiation.
We propose ZMYND8 to be a suitable candidate for
differentiation therapy in breast cancer.
4. Discussion
In the present study, we describe how ZMYND8 exerts
its tumor suppressor role across several types of tumorpromoting phenotypes through its ‘dual-reader’ function. In keeping with other studies, our results also
revealed that ZMYND8 regulates metastasis and proliferation-linked genes. In addition, our ﬁndings also
reveal a novel aspect of tumor suppressing activity of
ZMYND8, by inducing tumor cell differentiation.
Further, in-depth analysis revealed that ZMYND8

mediates all of these tumor-suppressor activities
through its reader function. Using both biochemical
and biophysical methods, we demonstrate that
ZMYND8 gets recruited to its target genes by its
binding to two speciﬁc histone marks, H4K16Ac and
H3.1K36Me2. Finally, through in vivo validation in
murine breast cancer model we demonstrate the antitumorigenic role of ZMYND8 and validate its differentiation inducing potential in cancer.
One of the important characteristics of cancer cells is
its poor state of differentiation (Yan and Liu 2016).
However, if these poorly differentiated tumor cells
could be induced to undergo differentiation, they will
become easily targetable by conventional anti-cancer
therapies. This is the reason why differentiation therapy
holds great promise in the ﬁeld of cancer therapy,
added by the fact that differentiation therapy exerts
minimal systemic toxicity, since the somatic cells of the
body are well-differentiated. Although differentiation
therapy has proved to be very efﬁcient in treating APL
even in clinical setting, its efﬁciency in solid tumors is
yet to be deciphered. The most common differentiation
inducing agent, all-trans-retinoic acid (ATRA) has been
widely used in APL treatment, where complete
remission has been achieved in patients (de Thé 2018).
In a recent study, epigenetic reconditioning using the
non-toxic doses of the demethylating compound
5-azacytidine (5-AZA) exerted anti-tumorigenic effects
in hepatocellular carcinoma, and signiﬁcantly restored
the state of differentiation (Gailhouste et al. 2018).
Another example of epigenetic regulator which have
been found to induce differentiation in tumor cells is
histone deacetylase inhibitors (HDACi) (Salvador et al.
2013). However, the role of epigenetic reader in the
context of differentiation therapy in cancer is yet to be
revealed. Interestingly, we have reported in an earlier
study that ZMYND8 is a downstream target of ATRA
(Basu et al. 2017b), which induces anti-proliferative
effect in cancer cells by affecting the expression of
ZMYND8. Since ATRA is also a well-known differentiation inducing drug in cancer (Kutny et al. 2010;
Wu et al. 2017; Yan et al. 2016) and it is reported to act
through ZMYND8, the involvement of ZMYND8 in
induction of differentiation in cancer cannot be ruled
out. Here, we show that ZMYND8 directly upregulates
the expression of differentiation promoting genes in
breast cancer by both in vitro and in vivo experiments,
thereby indicating that manipulation of ZMYND8
expression could possibly be utilized for developing
epigenetic differentiation therapy in cancer.
Epigenetic regulators imprint speciﬁc chromatin
structure to genes which is responsible for subsequent
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Figure 3. ZMYND8 regulates terminal differentiation in MDA-MB-231 cells. qRT-PCR assays were performed in MDAMB-231 cells. ZMYND8 knocked down (ZMYND8 KD) (A) was performed and expression of terminal differentiation
markers, CK18 (B) and EPCAM (C) were assessed. Similarly, ZMYND8 was overexpressed (ZMYND8) (D) in MDA-MB231 cells and expression of CK18 (E) and EPCAM (F) were analyzed. Error bar denotes standard deviation derived from
three different replicates. The signiﬁcance of differences was assessed in unpaired Student’s t-test, *p\0.05, **p\0.01,
***p\0.001.

chromatin accessibility, nucleosome positioning and
histone modiﬁcations. This, in turn, leads to modulations in transcriptional regulation of genes which
ﬁnally deﬁnes the functionality and identity of the cell.
Mutations in epigenetic regulators and alterations in
epigenetic landscape have been reportedly involved in
the process of tumorigenesis (Wu and Roberts 2013).
Interestingly, some epigenetic regulators have been
observed to have tumor-suppressor function in cancer,
like ARID1A (Wu and Roberts 2013), SMCHD1
(Leong et al. 2013), TET1 (Cimmino et al. 2015),
PHF2 (Lee et al. 2015), and ING proteins (Tallen and
Riabowol 2017).

Another such epigenetic regulator with tumor suppressor function is ZMYND8; apart from an N-terminal
nuclear localization sequence (NLS), it consists of a
PHD ﬁnger, BROMO domain, and PWWP domain at
its N terminus and a MYND domain located close to its
C terminus (Spruijt et al. 2016). Although initially
ZMYND8 was known to interact with nucleosome
remodeling and deacetylase (NuRD) complex for DNA
double-strand break repair (Gong et al. 2015), several
other studies reported additional functions of
ZMYND8 like interaction with RCOR2 (REST co-repressor 2) to regulate neuronal differentiation (Zeng
et al. 2010), binding with actin binding protein Drebrin

2
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Figure 4. In vivo validation of the anti-tumor function of dual-reader ZMYND8 in promoting terminal differentiation. 4T1copGFP control vector and 4T1-ZMYND8-copGFP (ZMYND8 over-expressing) were injected subcutaneously into female
Balb/c mice. Images of the tumors formed after 2 weeks of inoculation (A). Tumor volumes were calculated using the
formula p/6 9 ((d1 9 d2)3/2), where d1 and d2 represented the two perpendicular diameters, and represented graphically
(B). Representation of tumor growth curve showing the rate of tumor growth from the day of inoculation (day 0) to the day of
mice sacriﬁce (day 15) (C). Error bars denote the standard deviation derived from ﬁve mice per group. Single cells were
prepared from 4T1-derived tumors, RNA isolation was done followed by qPCR to determine the fold change in the
expression of differentiation-related genes, CK18, CK19, CK5, EPCAM (D). The signiﬁcance of differences was assessed in
unpaired Student’s t-tests, *p\0.05, **p\0.01.

which leads to the cytosolic sequestration of ZMYND8
(Yao et al. 2017), forming complex with P-TEFb for
transcriptional activation of ATRA-induced differentiation of neuroblastoma cells (Ghosh et al. 2018).
However, subsequent studies on ZMYND8 reported its
various tumor suppressor roles like inhibition of
metastasis and proliferation-promoting genes (Basu
et al. 2017b; Li et al. 2016). In this study, we unveil
another tumor-suppressor attribute of ZMYND8 where
it exerts its anti-tumor role by inducing differentiation
of breast cancer cells. Interestingly, our present study
stresses on the fact that ZMYND8 exerts its tumor
suppressor function both by positive regulation of antitumor genes like epithelial or differentiation-promoting
genes and negative regulation of pro-tumor genes like
migration and proliferation-promoting genes. In both
these cases, ZMYND8 mediates its function through its

dual-histone binding role, i.e. binding to dual-histone
marks H4K16Ac and H3K36Me2.
Cumulatively, our work identiﬁes another novel
tumor suppressor function and therapeutic potential of
epigenetic reader, ZMYND8, by inducing differentiation of breast cancer cells. Interestingly, here we also
demonstrate that although ZMYND8 targets several
unrelated array of genes pertaining to different tumor
functions, the basic dual-reader potential of ZMYND8
directs the recruitment of ZMYND8 to all its target
genes, irrespective of its negative or positive mode of
regulation. Given the dearth of knowledge in the ﬁeld
of differentiation therapy in solid cancers, identiﬁcation
of tumor suppressor ZMYND8 as a potent differentiation inducing agent in breast cancer holds an important place in the ﬁeld of epigenetic differentiation
therapy of solid cancers. However, whether ZMYND8

Dual-reader ZMYND8 induces differentiation in breast cancer

exerts its tumor cell differentiating role in a clinical
scenario is a matter of further investigation.
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de Thé H 2018 Differentiation therapy revisited. Nat. Rev.
Cancer 18 117–127
Thomas PD, Campbell MJ, Kejariwal A, Mi H, Karlak B,
Daverman R, Diemer K, Muruganujan A and Narechania
A 2003 PANTHER: A library of protein families and

subfamilies indexed by function. Genome Res. 13
2129–2141
Witsch E, Sela M and Yarden Y 2010 Roles for growth
factors in cancer progression. Physiology 25 85–101
Wu JN and Roberts CWM 2013 ARID1A mutations in
cancer: another epigenetic tumor suppressor? Cancer
Discov. 3 35–43
Wu M-J, Kim MR, Chen Y-S, Yang J-Y and Chang C-J 2017
Retinoic acid directs breast cancer cell state changes
through regulation of TET2-PKCf pathway. Oncogene 36
3193–3206
Xu WP, Zhang X and Xie WF 2014 Differentiation therapy
for solid tumors. J. Dig. Dis. 15 159–165
Yan M and Liu Q 2016 Differentiation therapy: a promising
strategy for cancer treatment. Chin. J. Cancer 35 3
Yan Y, Li Z, Xu X, Chen C, Wei W, Fan M, Chen X, Li JJ,
Wang Y and Huang J 2016 All-trans retinoic acids induce
differentiation and sensitize a radioresistant breast cancer
cells to chemotherapy. BMC Complement. Altern. Med.
16 113
Yao N, Li J, Liu H, Wan J, Liu W and Zhang M 2017 The
structure of the ZMYND8/Drebrin complex suggests a
cytoplasmic sequestering mechanism of ZMYND8 by
Drebrin. Structure 25 1657–1666
Zeng W, Kong Q, Li C and Mao B 2010 Xenopus RCOR2
(REST corepressor 2) interacts with ZMYND8, which is
involved in neural differentiation. Biochem. Biophys. Res.
Commun. 394 1024–1029

